The solvent evaporation method for producing microcapsules relies upon the correct wetting conditions between the three phases involved in the synthesis to allow core-shell morphologies to form. By measuring the interfacial tensions between the oil, polymer and aqueous phases, spreading coefficients can be calculated, allowing the capsule morphology to be predicted. In this work we explore the effect of surfactant chain length on capsule morphology using poly(methyl methacrylate) as the polymer and hexadecane as the core. We compared the predicted morphologies obtained using the polymer as a solid, and the polymer dissolved in dichloromethane to represent the point at which capsule formation begins. We found that using the polymer in its final, solid form gave predictions which were more consistent with our observations. The method was applied to successfully predict the capsule morphologies obtained when commercial fragrance oils were encapsulated.
Introduction
The manufacture of liquid core microcapsules is of considerable practical interest across a range of industries for the encapsulation of active ingredients including drugs [1] , pesticides [2] , flavours [3, 4] , enzymes [5] and fragrances [6] . In most cases, such microcapsules are designed to protect the actives from unfavourable external conditions and to control their subsequent release. There are various methods which can be used to create liquid core microcapsules [7] . For example interfacial polymerization can be used to create a polymer shell around an oil droplet dispersed in water (or the reverse system), by reacting monomers in the oil phase with monomers in the aqueous phase [8] . Other methods lead to the production of colloidosomes [9] [10] [11] , liposomes [12] and dendrimers [13] , which have been used to encapsulate various active materials, such as pharmaceuticals [13] [14] [15] , enzymes [12, [16] [17] [18] [19] and dyes [20] [21] [22] [23] [24] .
Another method, which we will use in this work, involves the preparation of liquid core/polymer shell structures via a solvent extraction method, which induces a polymer to precipitate as a film (the shell) at the oil/water interface. In this method the core to be encapsulated (the encapsulate) and the polymer are initially dissolved in a highly volatile solvent and emulsified into a stabilizer solution. The volatile solvent is subsequently extracted from the emulsion droplets, resulting in the core material being encapsulated by the precipitated polymer shell [25] [26] [27] [28] . Here, it is crucial that the solvent contained in the emulsion dispersed phase is a good, but highly volatile solvent for the polymer and that the encapsulate is a non-solvent for the polymer, so that precipitation is induced upon extraction of the solvent [26] .
In this work, we initially use poly(methyl methacrylate) (PMMA) as the polymer forming the capsule shell, dichloromethane (DCM) as the good solvent, and hexadecane as the encapsulate. Subsequently, we exchange the hexadecane for various oils commonly used as fragrance oils in cosmetic and personal care products. The solution of polymer and encapsulate oil in DCM forms the core phase. The core phase is emulsified in an aqueous solution of a stabilizer, in our case a surfactant [26, 29, 30] , but polymers [25, 26, [31] [32] [33] and particles [34] have also been successfully used. The resulting emulsion is diluted, allowing the DCM to evaporate slowly, creating polymer-rich droplets of DCM within the oil phase. It is believed that at this stage, the droplets are mobile and migrate to the oil-water interface, whereupon the remaining solvent leaves the core phase thus forcing the polymer to precipitate and to form a shell around the non-solvent core [25, 29, 35] .
As depicted in Fig. 1 , this process can lead to several possible morphologies in addition to the desired core-shell morphology where the polymer forms a complete shell around a single core. Alternative morphologies include acorns, where the polymer precipitates separately to the oil, occluded capsules, where the polymer precipitates around multiple cores or complete dissociation between the core and the shell.
The resulting capsule morphology is controlled by the balance of interfacial tensions for the three phases involved in the capsule formation and relates to the wetting conditions within the system. Torza and Mason studied the behaviour of systems where two immiscible liquid droplets were brought together in a third, mutually immiscible liquid [36] . By measuring the interfacial tensions between the three phases, they predicted the equilibrium morphology of the droplets from the resulting spreading coefficients. Eq. (1) shows, as an example, how the spreading coefficient is calculated.
where c 12 is the interfacial tension between phases 1 and 2. When phase 2 is the aqueous phase, as is usually the case [37] , and phase 1 is taken to be that of highest interfacial tension with water (as compared to phase 3), it follows that there are only three possible combinations of spreading coefficients, as shown by Eqs. (2)-(4). S 1 < 0; S 2 < 0; S 3 > 0 ð2Þ
For a core-shell morphology to successfully form, the polymer must be able to wet the oil in the aqueous phase preferentially (see Fig. 1 ). Several studies have considered the effect of these spreading coefficient combinations on capsule morphology [26, 29, [38] [39] [40] . Loxley and Vincent measured the interfacial tension between the oil phase and various aqueous phases using the DuNuoy ring method, and calculated the polymer-oil and polymer-aqueous phase interfacial tensions from contact angle measurements of oil and water droplets on dry films of the polymer forming the capsule shell [26] . Using this method they found that, for the range of stabilizers they tested, only the polymeric stabilizers were suitable to form core-shell morphologies. Feczkó et al. also used contact angle measurements to calculate the interfacial tension between the shell material and the other two phases and used pendant drop tensiometry to measure interfacial tensions between the liquid phases [38] . They found that this method accurately predicted the final capsule morphology obtained when using poly(methacrylic acid) (PMAA) as a stabilizer, but that the predictions failed for the other two stabilizers used, poly(vinyl alcohol) (PVA) and Tween 80. Pisani et al. also used pendant drop tensiometry to measure the interfacial tensions between the various phases [29] . However, they assumed the polymer phase would still be dissolved in the co-solvent at the time of migration to the oilwater interface, and that this was the critical point at which spreading occurs. Consequently, they measured the interfacial tension of polymer-DCM solutions rather than using a dry polymer film to perform contact angle measurements [26, [38] [39] [40] . Using a selection of polymers and surfactants to stabilize their capsules, they found that Torza and Mason's spreading coefficient method did not accurately predict the final capsule morphology in two out of the three cases they investigated.
Initially in this work, we aim to ascertain whether it is possible to predict the morphology of capsules synthesized using a common cationic surfactant family, studying both the effect of the hydrocarbon chain length and the number of chains attached to the head group. We compare the ability of the prediction methods reviewed above by measuring the polymer-surfactant interfacial tension using either a dry polymer film or a polymer solution in DCM. The model systems investigated in this part of the work are based on a hexadecane core. The final objective of this work is to use the chosen prediction methodology to verify its ability to predict the morphology of structures obtained for a range of fragrance oils to be encapsulated by solvent-extraction, using a common surfactant from the studied series.
Methods

Materials
Poly(methyl methacrylate) (PMMA) (120 kDa) was purchased from Sigma-Aldrich. N-hexadecane, 99%, dichloromethane (DCM) >99%, and toluene, 99% were obtained from Acros Organics. Stabilizers, dodecyltrimethylammonium bromide (C 12 TAB) >98%, tetradecyltrimethylammonium bromide (C 14 TAB) 98%, hexadecyltrimethylammonium bromide (C 16 TAB) 98%, octadecyltrimethylammonium bromide (C 18 TAB) >98%, Didecyldimethylammonium bromide (C 10 DAB) 98%, and didodecyldimethylammonium bromide (C 12 DAB) 98% were purchased from Sigma-Aldrich. Hexyl salicylate, dihydromyrcenol and cyclamen aldehyde were provided by Procter and Gamble. All solutions were made up using ultra-pure Milli-Q water (resistivity 18 MXÁcm).
Interfacial tension measurement
Interfacial tension measurements were carried out using the pendant drop method using a KSV CAM200 tensiometer (Biolin Scientific, Finland). PMMA (5 wt%) dissolved in DCM (method 2), and hexadecane drops were dispensed into the aqueous stabilizer solutions. For each different system, at least 10 individual drops were used to calculate the quoted mean of interfacial tensions. All experiments were conducted at 21.6 ± 0.1°C, using droplets close to the critical detachment volume, and a horizontal needle tip, with an inner diameter 0.51 mm, to ensure accurate measurements were conducted [41] .
The interfacial tension was calculated from the droplet shape recorded on the pendant drop tensiometer by fitting the YoungLaplace equation to the droplet profile:
where c is the surface or interfacial tension, Dq the density difference between the drop and the surrounding medium, g the gravitational constant, R 0 the radius at the drop apex and b the shape factor.
Contact angle measurement
Contact angle measurements were used to calculate the PMMAhexadecane interfacial tension for the case where DCM was not present in the system (method 1) as compared to method 2 where DCM is present in the system (thus the interfacial tension was measured directly).
The contact angle was measured using the sessile drop technique, using the KSV CAM200 system and software. Drops of hexadecane, or surfactant solution were deposited onto a PMMA film and the equilibrium contact angle measured for at least 5 different drops before a mean value was calculated. The PMMA film was spin-coated onto a glass slide from a 5 wt% solution of PMMA in DCM.
In cases where the contact angle between the oil or surfactant solution and polymer was too low to be measured accurately, it was taken to be <5°. Surface tension measurements of the oil or surfactant phase in air, and literature surface energy value of PMMA [42] were used to calculate the oil/water-polymer interfacial tension, using the following equation:
where c op is the polymer-oil interfacial tension, c p is the polymer surface tension c o is the oil surface tension, and h is the measured polymer-oil contact angle.
Synthesis and characterisation of polymeric capsules with oil core
Each surfactant used in the study was used at a concentration chosen to be well above the critical micelle concentration, CMC, in all cases. The concentrations were chosen to ensure that after emulsification of the oil-water systems the bulk surfactant concentration remained above the CMC, for consistency across all surfactant types used in this study. The concentrations used can be seen in the Supplementary information (Table S1 ). An example method is given below for C 16 TAB.
PMMA (10 g) was dissolved in DCM (76 g). The oil to be encapsulated (14 g) was added and mixed until a single phase formed. This was used as the emulsion dispersed phase. The desired surfactant, in this case C 16 TAB, (0.28 g) was dissolved into 100 mL Milli-Q water to form the emulsion continuous phase. The dispersed phase (7 mL) and continuous phase (7 mL) were added to a glass vial and emulsified (using IKA T25 Ultra-Turrax) at 15000 rpm for 2 min. The emulsion was then stirred magnetically at 400 rpm while a further 86 mL of continuous phase was poured in slowly. The diluted emulsion was then stirred at 400 rpm for 24 h at room temperature to allow capsule formation to occur -this stage allows for extraction of DCM into the continuous phase and subsequent evaporation, which forces precipitation of the polymer onto the emulsion droplet surface. All experiments were conducted at temperatures between 21°C and 22°C to attempt to minimise the effect of temperature on the resulting wetting properties of the system in comparison to the measurements of interfacial tensions made at T = 21.6 ± 0.1°C.
The resulting capsules underwent three washing steps via centrifugation (Heraeus Megafuge R16) at 1756G for 5 min, during which the supernatant was removed and replaced with fresh Milli-Q water to remove remaining traces of DCM. Finally, the capsules were redispersed in 50 mL Milli-Q water. Colloidal stability of the prepared capsules was verified over the timescale of the procedure through light scattering measurements.
The resulting structures were studied using an Olympus BX51 optical microscope, and a LEO 1530 Gemini field emission gun scanning electron microscopy (FEGSEM).
Results and discussion
Comparing capsule morphology predictions
The microcapsules were formed using the solvent extraction method, a modification of that described by Loxley and Vincent [26] . The aqueous phase contained the relevant surfactant from the investigated series of single chain or double chain cationic surfactants (listed in Table 1 ). Each surfactant was used in a concentration which was well in excess of the CMC, before and after saturation at the total emulsion interface. As a result, the conditions under which spreading of the precipitating polymer films occurred were as close as possible for each experiment. A table (S1) of CMC, the molar concentration used in the aqueous phase before emulsification and the calculated final bulk concentration after emulsion production for each surfactant can be found in the Supplementary information. For each experiment the core phase was emulsified with an aqueous solution of the surfactant in a 1:1 ratio of core to aqueous phase. Once formed, the emulsion was diluted with the same surfactant solution (same concentration) to allow for controlled extraction of DCM from the oil dispersed phase into the aqueous phase. The loss of DCM drastically reduces the polymer solubility in the core phase, which induces precipitation on the surface of the oil droplets. The resulting structures were analysed via light and electron microscopy and the observed shapes were compared with predictions made on the basis of interfacial tension measurements between the three phases involved.
Interfacial tensions between all three phases involved were measured for all stabilizers discussed above, and the data were used to calculate the spreading coefficients of each of the phases using Eq. (1). Interfacial tensions and resulting spreading coefficients data are presented in Table 1 . The combination of the spreading coefficients for each system allows the prediction of the resulting capsule morphology as demonstrated with Eqs. (2)- (4) . The values for the interfacial tensions are obtained using two different methods. In the first method, the interfacial tension between polymer and water (c pw ) is obtained using a dry PMMA film for the measurements. In the second method however, the same interfacial tension c pw is obtained using a polymer phase containing DCM and thus in a liquid state.
When using the first method, for all of the single chain surfactants used in this study (C x TAB) the predicted morphology is acorn, whereas for each of the double chain surfactants (C x DAB) a coreshell morphology is predicted ( Table 1 ). The measurements for the polymer-water interfacial tensions appear to be higher for the shortest hydrocarbon tails, which denotes a more efficient wetting of the polymer films for the longer chain surfactants. The oilaqueous phase interfacial tension, whilst very low in all cases, also appears to become smaller with increasing surfactant chain length. This is likely due to improved packing of the hydrocarbon tail at the liquid-liquid interface as the chain length increases, while the area occupied by the surfactant head does not vary. When considering the double chain surfactants, the interfacial tensions recorded are too low for a consistent trend to be observed for the influence of chain length for the studied surfactants. It is worth noting that due to the error associated with the interfacial tension measurements, the spreading coefficients calculated have an inherent error themselves. Therefore when the spreading coefficient is close to zero, the uncertainty in the interfacial tension measurements can potentially lead to inaccurate predictions. In Table 1 however, whilst all of the S3 values are close to zero, the predictions do in fact match the capsule morphologies observed experimentally.
Work in the literature has developed an alternative method for predicting the final capsule morphology [29] . Indeed, Pisani et al. suggest that the critical step of capsule formation, responsible for the final morphology, is the onset of polymer precipitation. At this point DCM is still present in the core and the polymer is dissolved in pockets of DCM, which migrate to the surface of the oil droplet. To replicate this specific part of the process, these authors measured the interfacial tensions involving the polymer phase when the latter was dissolved in the good solvent. Here we replicated these measurements for our system using the second method for interfacial tension measurements described above. Thus interfacial tensions were measured for the polymer dissolved in DCM for a selection of surfactants from the previous study. Table 2 shows the predicted capsule morphologies using the method suggested by Pisani et al. [29] For the polymer-water interfacial tension, the values in all cases are much lower than those seen when the polymer phase is used as a solid. The spreading coefficient, S 2 , in the case of C 12 TAB, is zero which results in an ambiguous prediction of either acorn or dissociated structures. Using this method the prediction from C 18 TAB also does not reflect the observed morphology. Thus, for the cases studied here, the presence of DCM when measuring the interfacial tension between the polymer phase and the aqueous phase appears to lead to less accurate predictions. By using the PMMA-DCM solution for the measurements needed to calculate spreading coefficients, the interfacial tension between polymer and oil phase could not be directly measured as hexadecane dissolves in DCM. Thus the value for the hexadecane-PMMA interfacial tension was calculated from the contact angle of hexadecane on a dry PMMA film, using the literature surface tension measurement of PMMA [42] as in the previous part of the work. This is a limitation of this method, which potentially contributes to the inaccuracy of the predictions in this case. Fig. 2 presents electron micrographs illustrating the observed capsule morphologies obtained when each of the different surfactants are used. Fig. 2a shows that when choosing C 12 TAB as the stabilizer acorn, morphologies are predominantly formed as predicted. However, as suggested by the predictions in Table 2 , some dissociated structures are visible. An example of such structure is given (Fig. S1 ) in the Supplementary information. In Fig. 2b , when C 14 TAB is used as the stabilizer, the morphology obtained is acorn. This is predicted from the three negative spreading coefficients calculated from the measured interfacial tensions. By applying mechanical force to the samples before observations using optical microscopy, no oil can be observed upon deformation of the polymer structures confirming that these do not contain any encapsulated core.
It is clear from the scanning electron micrographs displayed in Fig. 2c that C 16 TAB stabilised capsules do not form a core-shell morphology. The majority of the capsules show an acorn structure, with some of the larger capsules resulting in multiple pores or dents on their surface, where smaller oil droplets have de-wetted from the polymer surface [26] . The morphologies seen in Fig. 2c are supported by Loxley and Vincent's findings that C 16 TAB stabilised PMMA capsules with a hexadecane core do not form coreshell morphologies [26] .
Acorn morphologies are also obtained (Fig. 2e ) when C 18 TAB is used as the emulsion stabilizer. This is due to a further decrease of the interfacial tension between oil and water (as compared to smaller chain surfactants in this series) as also confirmed by the predictions in Table 1 . Fig. 2e and f presents scanning electron micrographs of the resulting capsule morphology when double chained surfactants, C 10 DAB and C 12 DAB respectively, are used as the stabilizer. As predicted from the spreading coefficients, in each case a core-shell morphology is produced. This is confirmed when mechanically rupturing the capsule shell between two glass slides, which shows broken capsules and evidence of leaching oil when observed via optical microscopy. Although for each of the twin tailed surfactants used in this study the desired core-shell morphology is observed, the capsule yield is much lower than that when a single chain cationic surfactant is used. This could be due to the poor solubility of these surfactants at room temperature, which have a tendency to form micellar or laminar phases. Indeed excess polymer is seen to precipitate into the bulk during capsule formation, suggesting there is not enough surfactant available to adsorb at the oilwater interface. In addition, the poor water solubility of these surfactants, could allow partitioning into the oil phase, which may decrease the oil-polymer interfacial tension thus promoting coreshell capsule morphology formation. Despite the fact that both methods correctly predict the morphology for these surfactants, it is possible that partition of these surfactants into the oil phase influences the accuracy of the interfacial tension measurements (with respect to what occurs in the capsule formation process). Double chain cationic surfactants such as the ones used here have a packing parameter of around 0.6, as compared to the single chain surfactants which typically have a packing parameter of around 0.3 [43] . This means that the double chain surfactants have a tendency to form w/o emulsions, rather than the o/w emulsions the microcapsule preparation method relies upon. However, Evans et al.
showed that upon dilution of a w/o emulsion stabilised with C 12 DAB, spontaneous inversion of the emulsion occurred to form an oil-in-water emulsion of uniform size distribution [44, 45] . In our case, for both double chain surfactants, fluorescence microscopy images (Fig. S2) ) [47] , could be the cause of the lower capsule yield obtained in this study. This phase inversion of the emulsion after dilution is common to the double chain surfactants investigated here. Whilst they form the desired core-shell capsules, it is important to note that the mechanism of capsule formation is different to that of the single chain surfactants and so cannot be directly compared. To prevent this mechanism from driving the capsule formation, the emulsions stabilised with the doublechained surfactants were formed with a water:oil ratio of 9:1, resulting in the direct formation of an o/w emulsion prior to dilution with additional Milli-Q water (see Fig. S2 ).
The work above thus allows us to compare the two different methods for measuring the interfacial tensions of the three phases involved in the preparation of the microcapsules and the corresponding predictions through calculation of the spreading coefficients. For this surfactant series, it is clear that measuring the interfacial tensions of the final capsule components with the solid PMMA film rather than the PMMA-DCM solution is more efficient.
Encapsulating fragrance oils using C 16 TAB stabilised microcapsules
In the first part of this work, we have used hexadecane as our model encapsulate oil. This allowed us to develop a robust method of predicting the final capsule morphology of PMMA capsules as a function of the choice of surfactant used as the stabilizer. Additionally, this oil phase also allows comparison of the data with that of previous work by Loxley and Vincent [26] . Based on the results from the previous section, interfacial tensions between the three phases of the final capsule components (method 1) are used here to predict the capsule morphology obtained when encapsulating a range of more polar, commercial fragrance oils. We found that the use of double-chain surfactants induces similar challenges with these oils, forming a w/o emulsion initially and thus giving a very low yield ultimately. Therefore single chain surfactants would be preferred. By measuring the interfacial tensions of the systems using C 16 TAB, the most commonly used surfactant, all oils were predicted to be appropriately encapsulated in core-shell structures, and therefore we chose this specific surfactant and confirmed successful encapsulation. Hexyl salicylate, dihydromyrcenol and cyclamen aldehyde were chosen, as good examples of fragrance oils used in perfumes and other personal care products.
From the data shown in Table 3 , it is clear that all the predicted and observed capsule morphologies agree, and a successful encapsulation of every fragrance oil tested in this part of the study was achieved. It is worth noting that in the case of toluene, the spreading coefficient S3 is close to 0 but positive, which warrants prediction of a core-shell structure albeit with some doubts over the accuracy. While this needs to be taken into account, when considering the validity of the predictions, all morphologies obtained with the different oils are correctly predicted as core-shell structures (see Fig. 3 ).
Conclusions
In this work we have successfully predicted the resulting microcapsule morphology for PMMA capsules prepared by polymer precipitation with different stabilizers from a cationic surfactant family including single and double chain surfactants. We have used the spreading coefficients calculated from both the interfacial tensions of the three phases present in the final capsule, hexadecane core oil, solid PMMA, and surfactant solution, and the interfacial tensions for the three phases when the polymer is dissolved in DCM, to represent the point at which capsule formation begins, to predict the ultimate capsule morphology. In the case of our examples, we confirm that the most accurate predictions are found when the polymer is used as a dry film for the interfacial tension measurements [26] , as opposed to when it is dissolved in the solvent used in the capsule synthesis [29] . We investigated both chain length of the surfactant hydrocarbon tails and the number of long chains on the surfactant, variables previously unreported in the literature. We found that all the single chain surfactants used in this study yield predominantly acorn structures when hexadecane is used as the core oil, whereas the double chained surfactants give core-shell capsules albeit at lower yields. The double-chained surfactants were inadequate to stabilise more polar oils such as the fragrance oils used in this study, due to their tendency to form w/o emulsions initially which leads to low yields. Therefore, predictions were made using the interfacial tensions of the final capsule components for C 16 TAB, which successfully stabilised coreshell capsules for all cases, as suggested by the predictions. This powerful predictive tool can thus be utilised in future to confirm the resulting capsule structure for any previously unknown polymer -oil -surfactant combinations, eliminating the requirement for timely trial and error experiments. Table 3 The interfacial tensions, spreading coefficients and morphology predictions and observations of PMMA microcapsules stabilised by C 16 TAB with different oil cores. Method 1 is used to measure interfacial tensions using a dry PMMA film for the measurements involving the polymer phase. 
